Background: Fluid administration to increase stroke volume index (SVi) is a cornerstone of haemodynamic resuscitation. We assessed the accuracy of SVi variation during a calibrated abdominal compression manoeuvre (DSVi-CAC) to predict fluid responsiveness in children. Methods: Patients younger than 8 yr with acute circulatory failure, regardless of their ventilation status, were selected. SVi, calculated as the average of five velocityetime integrals multiplied by the left ventricular outflow tract surface area, was recorded at four different steps: baseline, after an abdominal compression with a calibrated pressure of 25 mm Hg, after return to baseline, and then after a volume expansion (VE) of 10 ml kg À1 lactated Ringer solution over 10 min.
The aim of goal-directed fluid management is to optimise circulatory volume and thus haemodynamic status. Use of an accurate predictor of fluid responsiveness can help to avoid excessive fluid administration. The authors studied the change in stroke volume index during a calibrated abdominal compression as a predictor of fluid responsiveness. There was a good correlation between the change in stroke volume index during abdominal compression and that after subsequent fluid challenge.
Acute circulatory failure is a state in which the circulation is unable to deliver a sufficient amount of oxygen to meet tissue demand. 1 Volume expansion is a cornerstone of resuscitation management. In patients called 'fluid responders', volume expansion will increase the stroke volume index (SVi) and cardiac output, leading to an increase in oxygen delivery. 2 A great challenge is to predict whether volume expansion will induce a significant increase in SVi or lead to volume overload or heart failure. This question has generated considerable research in children with circulatory failure or during surgery. 3 Several approaches based on ventilation-induced modification of preload such as the variation of the diameter of the inferior vena cava (DIVC) or respiratory variation in aortic blood flow peak velocity (DVpeak) have been developed.
DVpeak was the only parameter that has been so far shown to predict fluid responsiveness in children. 4 Such a diagnostic approach based on heartelung interaction failed to predict fluid responsiveness in non-ventilated patients, in ventilated patients who experienced inspiratory effort, or in case of arrhythmia. 5 In those patients, passive leg raising predicts fluid responsiveness accurately in adults 6 but not in children. 7 Thus, the need for new methods that predict fluid responsiveness in children during partial or complete spontaneous breathing is imperative. Abdominal compression is empirically used by paediatric intensivists; it has been first described in the context of the abdomino-jugular test. 8, 9 It is a technique that can rapidly increase preload in a reversible manner, 10 but it has never been formally scientifically assessed. Therefore, the objectives of the present study were to assess: (1) whether the increase in SVi during a calibrated abdominal compression was able to predict the increase in SVi after volume expansion; (2) whether other usual dynamic and static parameters were able to predict an increase in SVi after volume expansion. We hypothesised that changes in preload induced by a calibrated abdominal compression were accurate to predict fluid responsiveness.
Methods
This diagnostic accuracy study challenged a new index test defined as the variation of the SVi during abdominal compression to diagnose fluid responsiveness. Fluid responsiveness is defined by a reference standard: an increase of 15% in SVi after 10 ml kg À1 volume expansion with Lactated Ringer.
SVi and SVi variation are derived from echocardiographic measurement.
Patients and settings
This prospective study was conducted in two academic medical centres in Lyon (France): a paediatric surgical cardiac intensive care unit over a 17 month period, and a general paediatric intensive care unit. The local Institutional Review Board for human subjects (CPP Lyon sud est II n ANSM 2015-A00388-41) approved the study protocol, which was then registered a priori to conducting the study (Clinicaltrial.gov: NCT02505646). The requirement for written informed consent was waived by the ethics committee. We followed the STARD (Standards for Reporting of Diagnostic Accuracy) statement to design and report our study. 11, 12 Eligibility criteria were children younger than 8 yr with acute circulatory failure, to whom the attending paediatric intensivist decided to administer intravenous fluid. Circulatory failure was defined as follows: treatment including vasopressors or inotropes, an increase in heart rate >2 standard deviation (SD), a decrease in mean arterial pressure >2 SD, and/ or clinical signs of microcirculatory failure (capillary refill time >2 s or mottling); patients could be mechanically ventilated or not. Exclusion criteria were: acute pulmonary oedema, haemodynamic instability requiring immediate resuscitation, intra-abdominal hypertension, recent abdominal surgery, mechanical circulatory support, patient with palliated or incompletely corrected congenital heart disease, open chest, prone position, or when investigators were not available.
Abdominal compression
A sphygmomanometer was inflated with a pressure of less than 10 mm Hg and was applied over the centre of the abdomen. The hand of the operator pressed on the sphygmomanometer to perform a calibrated compression of 22e26 mm Hg. This pressure was chosen as follows: considering the central venous pressure as a surrogate of preload, we noted that a fluid challenge and a preload modification such as passive leg raising increased the central venous pressure by 2e3 mm Hg in the existing paediatric and adult literature. Before starting the study, we empirically evaluated different levels of calibrated abdominal compression pressure. A pressure of 22e26 mm Hg was able to increase the central venous pressure by more than 2 mm Hg in all tested patients.
Data acquisition during abdominal compression started after 10 s of abdominal compression (Supplementary appendix 1 and video on https://www.youtube.com/watch?v¼5x3p2hUY7zw). The duration of the abdominal compression was less than 1 min in all patients.
Echocardiographic measurements
We used a transthoracic ultrasound device (General Electric Vivid S6; General Electric, Boston, MA, USA) with the standard paediatric probe S6 to perform the echocardiographic examinations. Two operators (MJL and NT) certified in echocardiography carried out all the data acquisition. At T1, DVpeak, left ventricular ejection fraction, DIVC, transmitral Doppler E and A waves, and medial and lateral tissue Doppler parameters were recorded. Using the apical four-chamber view, left ventricular end-diastolic and end-systolic volumes were computed with the Simpson method. We calculated the left ventricular outflow tract (LVOT) diameter as the mean of two measurements and LVOT surface as p * diameter 2 /4. We recorded five consecutive aortic velocityetime integrals (VTIs) at each step of the experimental protocol. SVi was calculated as the LVOT surface multiplied by the average of the five VTIs and divided by the body surface area. 13 All volumetric data were indexed by body surface area. Operators were blinded from all VTI values during the experimental protocol. This resulted in blindness to the assessment of the index test and in blindness to the assessment of the reference standard.
Experimental protocol
The experimental protocol was as follows. We assessed SVi at baseline (T1), during the abdominal compression (T2), at return to baseline (T3), and after a volume expansion of 10 ml kg À1 Lactated Ringer over 10 min (T4). We performed an exhaustive echocardiographic exam at T1, and collected the following haemodynamic parameters at each step of the experimental protocol: heart rate, pulse pressure, systolic arterial pressure, diastolic arterial pressure, and mean arterial pressure. All pressures were assessed using an indwelling arterial catheter. Ventilatory frequency, pulse oximetry and, in case of mechanical ventilation, end tidal carbon dioxide (EtCO 2 ), positive end-expiratory pressure, plateau pressure, tidal volume, and/or pressure support parameters were also collected at T1 and T4 (Supplementary appendix 2).
End points
The primary end point was the discrimination of changes in SVi during a calibrated abdominal compression to predict fluid responsiveness. The secondary end points were the discrimination of usual static and dynamic parameters to predict fluid responsiveness.
Statistical analysis
Sample size calculation was based on our primary end point using Obuchowski's method, 14 and 40 patients were needed to detect an area under the curve of the receiver operating characteristic (ROC) curve of 0.75 with a power of 0.9 and an alpha risk of 0.05. The ratio between responders and nonresponders was hypothesised to be 0.5. We used a ShapiroeWilk test to test the normal distribution of the data. The coefficient of variation measured the interobserver and intra-observer reproducibility for VTI. It was calculated as the SD divided by the mean value. The least significant change (LSC) of the SVi was the minimum change needed to identify a true change and not the noise of the measurement.
The two-tailed Student's t-test or ManneWhitney U-test performed comparisons between responders and non-responders. In the case of categorical data,
Fisher's exact test and c 2 test were used appropriately. To compare the effect of group (responders/non-responders) and time (T1, T2, T3, T4), we used a linear mixed-effect model using time as a variable with a fixed effect, and patient and group as parameters with a random effect for intercept and slopes. We assessed the absence of deviations from homoscedasticity or normality by visual inspection of residual plots. Dunnett's test was used to perform multiple comparisons to the baseline. SVi variation (DSVi) was expressed as variation from baseline Pearson's correlation coefficient tested linear correlations. We built ROC curves and expressed area under the curve with 95% confidence interval (CI) calculated with a bootstrap method using 2000 repetitions. Sensitivity, specificity, and positive and negative predictive values were expressed with 95% CI. Best thresholds were calculated using the Youden and the closest top left method. We assessed the grey zone as follows: First, we applied a bootstrap resampling method on DCI and DSVi during abdominal compression. The best threshold using the 'closest top left' method and its 95% CIs were calculated for each parameter using a bootstrap technique to define a first inconclusive zone. Secondly, we determined the cutoff values with a sensitivity of less than 90% or a specificity of less than 90% to define a second inconclusive zone. We retained the larger of the two zones as the grey zone. To assess the effect of population characteristics or basal characteristics influence on the correlation between DSVi-VE and DSVi-CAC, we built a multiple linear regression model. Variables with a P value of less than 0.30 in univariate analysis were selected in the multivariate analysis. We used the Free Software Foundation's CRAN R to compute descriptive and analytical Statistical analysis. All tests were two-sided. A P value <0.05 was considered statistically significant.
Results
The flow chart of the study is reported in Figure 1 . Thirty-nine patients were analysed: 20 were responders and 19 were nonresponders. The main demographic and clinical characteristics are detailed in Table 1 Table 2 ), and statistical tests did not take missing data into account.
Primary end point results
DSVi-CAC was 17% [IQR, 12 to 27] in responders and e2% [IQR, e7 to 4] in non-responders (P<0.001). DSVi-CAC and DSVi-VE were significantly correlated: r¼0.829; p<0.001 (Fig. 2) . The diagnostic accuracy of abdominal compression to predict fluid responsiveness is detailed in ranged from 3% to 12% for DSVi-CAC, including 26% of the patients. Diagnostic accuracy of DSVi-CAC according to incremental cutoff values (from 5% to 20%) to define a positive fluid response did not differ significantly (Table 3) . ROC curves of DSVi-CAC and other usual haemodynamic parameters are shown in Figure 3 .
Secondary end point results
The correlations between the variation of pulse pressure during calibrated abdominal compression (DPP-CAC) and
DSVi-VE were not significant for all patients and for subgroups of patients with an arterial line placed in the upper limb or in the lower limb. DPP-CAC, DVpeak, and DIVC were not significantly correlated with DSVi-VE and had no discriminatory capacity to determine a positive fluid response (Table 3) . Pressure-or volume-based approach of preload: central venous pressure, E/A and E/e 0 , and left end diastolic volume, were not correlated with DSVi-VE, and had no discriminatory capacity to determine a positive fluid response. Initial arterial Table 3 Diagnostic accuracy: characteristics of DSVi-CAC, DPP-CAC, DVpeak and DIVC. As DSVi-VE is a continuous variable and the choice of the thresholds might be questioned, we report different thresholds in this table (5%, 10%, 15%, and 20%) to define fluid responders. Details of thresholds, specificity, sensitivity, positive predictive value and negative predictive value, are provided when the lower limit of the confidence interval of the ROC AUC is more than 0.5. DIVC, respiratory variation of the inferior vena cava diameter; DPP-CAC, pulse pressure variation during a calibrated abdominal compression; DSVi-CAC, stroke volume index variation during abdominal compression; DSVi-VE, stroke volume index variation during volume expansion; DVpeak, Respiratory variation of the maximum velocity of the velocity time integral of left ventricular outflow tract; NPV, negative predictive value; PPV, positive predictive value; ROC AUC , area under the receiving operative characteristic curve pressure or stroke volume had no discriminatory capacity to determine a positive fluid response.
Characteristics of the misclassified patients
We performed a univariate, then multivariate linear regression to explain the variation of DSVi-CAC. The only parameter significantly linked with DSVi-CAC in multivariate analysis was DSVi-VE (Supplementary appendix 4) .
Discussion
The main result was that DSVi-CAC was accurate to predict fluid responsiveness. The best threshold was an increase of 11%. The specificity was 95% [95% CI, 84e100] and the sensitivity was 75% [95% CI, 55e95].
Abdominal compression is often used by paediatric intensivists to assess fluid responsiveness, but its diagnostic accuracy has never been investigated. Abdominal compression induces a rapid and reversible auto transfusion, as described during passive leg raising in adults. 15 Hence, any detrimental side-effect of unnecessary fluid administration should be minimal and transient. Passive leg raising is not effective in young children because they have lower leg length/body length ratios than adults. 7 Data in the literature support the idea that an increase in abdominal pressure can result in an increase in preload, and subsequently in SV. Abdominal compression was first developed to diagnose right heart failure through an increase of the right ventricle preload. 9 It was used to diagnose intra-cardiac shunt by increasing left and right preload. 10 At the onset of surgical pneumoperitoneum for laparoscopic surgery in children, Gentili and colleagues 16 observed an increase of end-diastolic volume resulting in an increase of SV. Furthermore, the increase of SV during prone positioning in preload responsive patients has been advocated because of the increased abdominal pressure. 17 Finally, all tests assessing fluid responsiveness based on ventilation, rely on preload variation owing to modifications of the abdominothoracic pressure gradient induced by intrathoracic pressure modification. In the same way, our test relies on modification of the abdomino-thoracic gradient, but induced by intraabdominal pressure modification.
DVpeak was not accurate to predict fluid responsiveness.
This can be easily explained because more than 45% of our patients were spontaneously breathing, and because tidal volume was relatively small in our study. 18, 19 As previously described, DIVC did not predict fluid responsiveness. 18 PP variation during abdominal compression was not accurate to predict fluid responsiveness in our setting. This can be explained by the higher arterial compliance in younger patients, 20, 21 that causes the pulse pressure to be almost unaffected by an increase in SV. Moreover, tracking change in pulse pressure frequently failed to detect changes in SV. 22 As the arterial line was inserted either in the upper or in the lower limb, the effect of the abdominal compression may have differently affected the arterial pressure according to the location of measurement.
The changes induced in EtCO 2 were not correlated to DSVi-VE and DSVi-CAC, as previously described. 23, 24 Spontaneous breathing might have induced changes in cyclic tidal volume that made EtCO 2 unsteady.
The internal validity of the present study must be discussed. First, an approach based on cardiac index rather than SVi could have been chosen. The FrankeStarling curve was initially described using stroke volume, so this approach is physiologically more accurate. 25 Second, we used a DSVi cutoff value of 15% to define fluid responders. The majority of paediatric studies used a 15% threshold. 4 Moreover, the value of LSC should theoretically determine the best threshold. As we calculate that the LSC was 10.0% [95% CI: 7e13], a threshold of 15% was more reasonable. 26 This also justifies the choice of the Youden method as in our setting the Youden best threshold was higher than the LSC. The variability of the SVi measurement can be partly explained by respiratory variation; this may explain why intra-observer variability was greater than inter observer variability. Non-responders were significantly heavier and tended to be older. We hypothesise that older and heavier patients with a longer history of congenital cardiomyopathy could have more chance to be located on the horizontal part of the Frank Starling curve and to be subsequently identified as nonresponders to volume expansion. Weight or age of patients may also influence the haemodynamic effect of the abdominal compression, and thus influence the diagnostic ability of the CAC to discriminate fluid responders. We have tested this hypothesis but in the multivariate linear regression analysis, we found that only DSVi-VE was linked with DSVi-CAC, while age or weight had no independent effect.
SVi and arterial pressure tended to be lower in responder patients, but the with no sufficient diagnosis accuracy.
This study has several limitations. First, one can argue that thermodilution should have been the reference standard for SVi measurement, but the accuracy of echocardiography has been validated. 27e29 Second, our results cannot be extrapolated to other abdominal compression techniques, as left ventricular afterload might increase for greater pressures and preload might only slightly increase for lower pressures. Third, the results cannot be extrapolated to other cardiac output measurement devices. 30,31 Fourth, right and left heart failure are more common after cardiac surgery, but this strengthens the diagnostic accuracy of abdominal compression, as right and left ventricular failure are known to hamper the diagnostic accuracy of the majority of the tests used to predict fluid responsiveness. Fifth, we did not evaluate the reproducibility of DSVi-CAC. Performing several calibrated abdominal compressions on the same patient and measuring the central venous pressure, the bladder or gastric pressure variation could add valuable information and could be studied in further investigations. Sixth, one could be concerned about a potential reduction of power as 40 patients were planned and only 39 patients were analysed; however, the power is appropriately indicated by CIs, 32 which show that the lower limit of the AUC ROC is still superior to 0.5.
In conclusion, DSVi-CAC was the sole reliable method to predict fluid responsiveness in a population of children with acute circulatory failure, regardless of their ventilation status. This reversible, easy-to-use test seems to be unaffected by the ventilation mode, age, weight, right or left ventricular dysfunction. These results should be confirmed before being implemented in goal-directed fluid therapy strategies to resuscitate children and neonates suffering from acute circulatory failure. 
